Supply chain coordination models are developed in a two-echelon supply chain with double sided disruptions. In a supply chain system, the supplier may suffer from the product cost disruption and the retailer suffers from the demand disruption simultaneously. The purpose of this study is to design proper supply chain contracts, under which the supply chain with double sided disruption can be coordinated. Firstly, the centralized decision-making models are applied to find the optimal price and quantity under three cases as the baseline. The different cases are divided by the different relationship between the product cost disruption and the demand disruption. Secondly, two different types of contracts are introduced to coordinate the whole supply chain. One is all-unit wholesale quantity discount policy (AQDP) contract, and the other one is capacitated linear pricing policy (CLPP) contract. And it is found out that the gap between the demand disruption and the product cost disruption is the key factor to influence the supply chain coordination. Some numerical examples and sensitivity analysis are given to illustrate the models. The AQDP contracts are listed out under different cases to show how to use it under double sided disruptions.
Introduction
Supply chain risk management is becoming an increasingly important area. In the past several years, there has been a shift of focus from creating efficient supply chains to reliable and efficient supply chains. This shift is due to the large-scale negative impacts of supply chain disruptions in global supply chain networks. For example, an earthquake in Taiwan in 1999 damaged the manufacturing facilities of several major semiconductor suppliers and disrupted the flow of components to many PC and laptop manufacturers [1] . During the Chinese Winter storm in early 2010, many power plants in southeastern China contacted coal traders to seek imported coals from foreign countries, as the on-hand coal stocks at many of them were below the critical level [2] .
Either the supplier's or the retailer's disruptions could not only cut down the efficiency of the whole supply chain but also exert an influence on the supply chain contract [3] [4] [5] . Either the supplier or the retailer suffers from disruptions due to economic policies adjustment, transportation delays, or natural disasters. We should be obliged to take the disruption management into consideration. On the one hand, the supplier may experience disruptions, such as [6] [7] [8] [9] [10] . On the other hand, the retailer may go through the unexpected changes of market demands, taking, for example, [11] [12] [13] [14] . However, the total supply chain may be influenced by the emergency at the same time. Therefore, it is of great significance and urgency to conduct the research on supply chain contracts under double sided disruptions simultaneously. Some researchers have paid some attention to the models including both the supply disruption and the demand disruption, which aimed at the optimal inventory policies [15] [16] [17] . The supply disruptions mostly affect the manufacture cost, so normally the supply disruption can be seen as the product cost disruption in [18] [19] [20] [21] . So we consider the supplier experiences the product cost disruption. But in this paper, we mean to contribute from the supply chain coordination contract aspect for analysis of the supply chain with double sided disruptions. Specifically, our main contributions are twofold as follows. The first one is, according to the different relationship between the cost disruption and the demand disruption, the centralized decision-making models are divided into three cases. And the optimal price and quantity under three cases are listed out as the baseline. Secondly, two different types of contracts are introduced in order to coordinate the supply chain with cost disruption and demand disruption simultaneously. One is all-unit wholesale quantity discount policy (AQDP) contract, and the other one is capacitated linear pricing policy (CLPP) contract. And it is found out that the gap between the demand disruption and the product cost disruption is the key factor to influence the supply chain coordination.
The rest of this paper is as follows: In Section 2, we review the related literature. Section 3 outlines our basic model under no disruption. In Section 4, we analyze how to develop a scheme facing with double sided disruptions under centralized decision-making. Section 5 shows how the all-unit wholesale quantity discount policy (AQDP) contract and capacitated linear pricing policy (CLPP) contract could coordinate the supply chain when both sides make their own independent decision. In Section 6, we give some numerical examples to elaborate the above theorems. Section 7 will draw the conclusions and future research.
Related Literature
Since we study how the supply chain can be coordinated while suffering from double sided disruptions simultaneously, our research is built upon the disruption management literature. Broadly speaking, the impact of disruption management is studied in the supply chain contract framework. On the one hand, demand disruption is a kind of disruption management in supply chains that has been extensively studied in the literature. For instance, Qi et al. [22] design various coordination contract when demand disruption influences the entire supply chain. Xiao et al. [23] examine the coordination scheme when there are several competitive retailers in the supply chain which is suffering from the demand disruption. Cachon and Lariviere [24] develop the allocation reactive plan with the limited capacity of supplier while the retailers meet with the market demand changes. On the other hand, suppliers' cost disruption is another kind of important disruption management in supply chains and has also received substantial attention (Wang et al. [25] ; Parlar and Perry [26] ; Parlar and Berkin [27] ; Heimann and Waage [28] ). Corbett et al. [29] present how contracts should be designed by a retailer when a supplier suffers from cost disruption. They establish a general framework to develop the dilemma of supply chains. Sarkar et al. [6] discuss pricing competition between multiple suppliers, all of whom have a disruption risk. They focus on a single uncertain demand and model the retailer's products based on the number of suppliers they choose to order from.
Our paper is distinguished from all the aforementioned papers because both sides of the supply chain with their own disruption result in that existing no main principal, whereas all the above papers investigate a unilateral disruption management. There have been some recent papers on the double sided asymmetric information in very different contexts; see, for example, Yao et al. [30] , Zhang and Luo [31] , Wang et al. [32] , and Wang et al. [33] . However, our research cast new light on how to design different styles of supply chain contracts under double sided disruptions simultaneously; this point has no count part in all the sequential screening papers.
Supply chain coordination with contracts is the most closely related research to our work. Cachon [34] introduces six different kinds of contract to coordinate supply chains. Particularly, our paper is related to the vast literature on the wholesale quantity discount contract. Cachon [34] explains the difference between the all-unit and incremental quantity discount contract. Based on that, some papers focus on the discount contract, such as [35] [36] [37] . Giri et al. [38] launched researches on a multi-manufacturer-one-retailer model to develop the ordering plan with the discount contract. Therefore, both sides could achieve the maximum joint profit.
Baseline Case
Consider a supply chain with one supplier and one retailer [33] . The retailer purchases a kind of product from the supplier and then sells it in the market. The notations that will be used throughout this paper are given below:
is the retailer's demand, is the maximum market scale, is a coefficient of price sensitivity, is the profit of supplier, is the profit of retailer, SC is the profit of the total supply chain, is the retail price, is the supplier's unit production cost, is the order quantity, is the unit wholesale price, 1 is the marginal costs associated with the incremental increase in demand, 2 is the marginal costs associated with the incremental decrease in demand, Δ is the demand disruption, Δ is the cost disruption.
For the illustrative purpose, we use an exponential function of the price as follows to describe the retailer's demand during a supply cycle: = * exp(− ) [39] . Let , denote the profit of supplier and retailer, respectively. The profit of the supply chain is SC = + , supposing that = SC , where 0 < < 1. Suppose that the supplier's unit quantity cost is ; thus given the retail price , the supply chain profit is SC ( * ) = * exp(− ) * ( − ). Using simply algebra, we know that when * = 1/ + . Substituting this value into the former expression, we can get SC max ( * ) = ( / ) * exp(−1 − ). Consequently, the retailer's optimal order quantity equals the supplier's original quantity plan, as * = * exp(−1 − ) = exp(In −1− ). In the rest of this paper, Δ and Δ denote the demand and cost disruption, respectively. We assume that when supply disruption occurs, the maximum market scale faced by the retail shifts from to + Δ .
There is one problem in achieving the maximum supply chain profit SC max ( * ), that is, how to share the profit between the two parties. One of the most common approaches is to design appropriate contracts for the supplier. This paper applies two different types. The first one is the wholesale quantity discount policy. Particularly, we study the all-unit wholesale quantity discount policy, denoted by AQDP( 1 , 2 , 0 ) with 1 > 2 . If the retailer orders < 0 , the unit price is 1 . Otherwise, the unit price becomes 2 . And the latter one is a capacitated linear pricing policy CLPP( , ). The unit wholesale price is , whereas the retailer is limited to sending for less than the arranging quantity .
Centralized Decision-Making
In the disruption model, we assume that there is a central decision-maker who seeks maximizing the total profit. During the disruption captured by the demand disruption Δ and the cost disruption Δ , the realized price is found to be = (In + Δ − In )/ and the supply chain profit can be written as
where the parameters 1 > 0 and 2 > 0 are the marginal costs associated with the incremental increase or decrease in demand, respectively, and ( ) + = max{ , 0}.
Lemma 1. Suppose maximizes ( ) in (1). Then
Lemma 1 demonstrates that the order quantity will increase with the enlargement of the market scale. From Lemma 1, when Δ > Δ , the problem of maximizing ( ) reduces to
Using the first-order condition 1 ( ) = 0 and solving for give
We analyze 1 regarding the constraint > * . There exist two cases.
Case 2. Δ < Δ < (Δ + 1 ); then < * ; thus 1 ( ) is maximized at * . Let case2 = * . In summary, we know that the quantity will increase if the demand disruption Δ is larger than (Δ + 1 ).
Consequently, the quantity plan is dependent on the gap between the demand disruption and the cost disruption. We continue to analyze the corresponding price now.
Nevertheless, the optimal price will increase when the market scale increases. Substituting case1 and case2 into the former given expression = (In + Δ − In )/ , we can obtain
Now we can solve the maximum supply chain profit at this price and quantity:
We use the function Δ = exp[Δ − (Δ + 1 )] to denote the maximum profit for the new cost and new market scale. We think out the other case where Δ < Δ .
The problem of maximizing ( ) reduces to (6)
Likewise, we can divide Δ < Δ into case 3 ( (Δ − 2 ) < Δ < Δ ) and case 4 (Δ < (Δ − 2 )). Leaving out the details, we can obtain
Summarizing the above works, we have the following. 
Theorem 2 demonstrates that the initial quantity * has some robustness under double sided disrupted market scale and producing cost simultaneously. We find out that case 2 and case 3 can be incorporated to only one case due to the same consequence though they belong to different intervines. Hence, latter part of our paper will substitute case 2 into former case 2 and case 3. Moreover, we have to use case 4 instead of former case 3. There are not changes when the gap between disrupted market scale and producing cost is not so large, such as (Δ − 2 ) < Δ < (Δ + 1 ). In this condition, adjusting the price could retrieve any disruption expense, while the adjustment equals Δ / which is just related to the demand disruption. Only when either the demand disruption far exceeds the cost disruption (Δ > (Δ + 1 )) or the other case (Δ > Δ / + 2 ), will it be essential to change both the price and the quantity. Figure 1 is used to show the optimal quantity area during centralized decision-making under different cases.
Decentralized Decision-Making
When the supplier and the retailer make decision all alone under double sided disruption, it is necessary to recoordinate the contract to maximize the total supply chain profit. Hence, we can utilize a modified all-unit wholesale quantity discount contract to realize the maximal profit.
Case 1:
Δ > (Δ + 1 ). In this case, suppose that the supplier wishes to achieve a profit of
Theorem 3. For the case where Δ > (Δ + 1 ) and defined in (9) , the supply chain can be coordinated by ( 1 , 2 , case1 ) where
Proof. The retailer's profit is
If the retailer's ordering quantity 2 is no more than case1 and she takes the price 1 , her profit
So ( 
From Theorem 3, we can find out that AQDP( 1 , 2 , case1 ) is just related with Δ where Δ far exceeds Δ , whereas the threshold case1 is dependent on both Δ and Δ . 
Case 2: (Δ − 2 ) < Δ < (Δ + 1 ). For this case, we firstly recall that
We take this case where ≥ exp(In − 1 − )/ . Then we can rewrite supplier's profit as
where 0 ≤ < 1 is a parameter specified by the supplier. 
And is defined in (15) .
Proof. The retailer's profit is
then solving for 2 gives 2 = + 1/ + * Δ / . Similarly, when the retailer orders 2 that is no more than case1 , her profit
We have previously known that 2 = exp(In + Δ − 1 − 1).
From Theorem 4, we realize only Δ not Δ have effects on the all-unit wholesale quantity discount policy where the gap between disrupted market scale and producing cost is not so large. Moreover, AQDP( 1 , 2 , case2 ) is not related with the marginal costs 1 or 2 .
We now consider the case where < exp(In 
When exp(In − 1 − ) < Δ / , it can be shown that 2 > case2 which the retailer will not order case2 . Hence, the supply chain cannot be coordinated. We have to introduce the CLPP( , ).
Theorem 5.
For the case where (Δ − 2 ) < Δ < (Δ + 1 ) and Δ > * exp(In − 1 − ), the ( , case2 ) could coordinate the supply chain, where
5.3. Case 3: Δ < (Δ − 2 ). For this case, the cost disruption far exceeds the demand disruption. Suppose that the supplier now hopes to realize the following profit:
Theorem 6. For the case where Δ < (Δ − 2 ) and defined in (21) , the supply chain can be coordinated by ( 1 , 2 , case3 ) where
If the retailer's ordering quantity 2 is no more than case3 and she takes the price 3 , her profit
Substitute 2 = exp(In +Δ − 1 −1) into (24), we obtain
Moreover, Theorem 6 is similar to Theorem 3. It is apparent that AQDP( 1 , 2 , case3 ) just depends on the cost disruption. 
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Numerical Examples
This section gives some numerical examples to inspect supply chain contracts under double sided demand and cost disruptions simultaneously [22] . We let the unit cost = 1, the market scale = 100, and the coefficient of price sensitivity = 1; then the retailer's demand function is = 100 * exp(− ). Hence, the optimal price * = 2, the optimal quantity * = 100 * exp(−2), and the maximum profit of the total supply chain is SC max = 100 * exp(−2).
Sensitivity Analysis.
We performed the sensitivity analysis by replacing each key parameter by −50%, −25%, +25%, and +50% one at a time and keeping remaining parameters unchanged. The effects of changes of the system parameters on the optimal price, the optimal quantity, and the maximum total profit are summarized in Table 1 for our numerical examples. The percentage change in the optimal price indicates that a parameter such as is more sensitive than that such as to the optimal price. From the sensitivity analysis results, we know that, on the one hand, parameter is more sensitive than those such as and to the maximum total profit; on the other hand, increasing the value of some parameters such as and results in the increased optimal quantity of the whole system; otherwise it results in the decreased quantity.
Suppose that the demand disruption Δ and the cost disruption Δ belong to the interval [−1, 1]. Moreover, the marginal costs associated with the incremental increase or decrease 1 = 2 = 0.5. Thus, we can utilize the surface of the optimal quantity under various cases, just as Figure 2 .
From Figure 2 , we can learn that * has some robustness when the gap between disrupted market scale and producing cost is not so large. Moreover, * declines during the dominant cost disruption; in other word, the cost disruption far exceeds the demand disruption. It is also in line with the reality that the quantity should be decreased when upstream cost fluctuates violently. In the same way, * increases when the demand disruption dominates. Then the whole supply chain's profit is considered under different cases (see Figure 3) . Figure 3 tells us the maximum supply chain profit will increase with the raising of both cost disruption and demand disruption. Particularly, the profit may reach at the peak when the demand disruption is dominant over the cost disruption.
Based on the above assumptions and calculations, we could provide some numerical examples to argue how the AQDP contract can coordinate the supply chain under both cost disruption and demand disruption considering from Theorem 3 to Theorem 6. Specifically, we can obtain which types of cases it belongs to on account of the gap between demand disruption and cost disruption at first. Then by calculating different parameters about AQDP( 1 , 2 , 0 ), we get Table 2 .
From Table 2 , we can find out the following.
(1) The types of case are varying with both product cost disruption and demand disruption. Hence, there is not any immutable contract even in such a small section. Moreover, how to design the contract exclusively depends on the gap between the demand disruption and the cost disruption.
(2) Except Theorem 5 when the supplier is allocated so little, the profit allocation parameter is assigned to 2/3. In other words, the supplier earns two-thirds of total supply chain profits.
(3) Example 1: we take Δ = 0.7 and Δ = 0.1, for example. Thus, we should consider Theorem 3 and this case belongs to case 1. Calculating it, we get AQDP(2.60, 2.07, 40.66). It would be probably best for the retailer to choose the wholesale price 2.07, place an order for 40.66, and sell them with the price at 2.60.
Example 2: we take Δ = 0.1 and Δ = 0.7, for example. Thus, we should consider Theorem 6 and this case belongs to case 3. Calculating it, we get AQDP(2.20, 1.80, 4.50). It would be probably best for the retailer to choose the wholesale price 1.80, place an order for 4.50, and sell them with the price at 2.20.
Sensitivity Analysis. The optimal values of the different parameters change significantly with changes (−50%, −25%, +25%, +50%) in Table 3 . On the basis of the sensitivity analysis of different parameters, the following features are observed: From Table 3 , we can conclude that parameter 1 is the same sensitive to 2 . From the sensitivity analysis results, we obtain that increasing value of all key parameters has no effect on the optimal price of the whole system owing to that the optimal price has no correlation with the marginal costs associated with the incremental increase or decrease in demand.
Conclusions
The paper deals with double sided demand and cost disruptions simultaneously. Either the supplier or the retailer suffer from disruptions due to economic policies adjustment, transportation delays, or natural disasters. We should be obliged to take the disruption management into consideration. It is of great significance and urgency to conduct the research on supply chain contracts under double sided disruptions simultaneously. We contribute from the supply chain coordination contract aspect for analysis of the supply chain with double sided disruptions. In this paper we obtain the parameters of the all-unit wholesale quantity discount contract under three various types of cases based on centralized decision-making and decentralized decision-making. We can conclude that AQDP and CLPP can coordinate the supply chain which is suffering from both upstream and downstream disruption. Both upstream one and downstream one within the entire supply chain are ought to design different contracts when suffering from cost disruption and demand disruption at the same time. That is to say, it is evident that aforementioned unilateral disruption can be treated as the special case of both sided disruption. For instance, we can regard unilateral upstream cost disruption as both sided one when the cost disruption far exceeds the demand disruption. The gap between the supplier's product cost disruption and the retailer's demand disruption is the most significant. When the gap is not so large, ordering quantity is immutable and the price varies only with the demand disruption based on the original optimal price, whereas the quantity and the price fluctuate drastically when the gap is too large. No matter which case the supply chain suffers from, the price is dependent on only the product cost disruption. Nevertheless accordingly, the quantity is influenced by both disruption. When the cost disruption far exceeds the demand disruption, the quantity will decrease. Particularly, the more vast the gap is, the faster the quantity decreases. Likewise, similar is the other case.
Although in this paper we are primarily interested in the coordination of the single-period supply chain with one single supplier and one single retailer, our results could be extended to the more general scenario where the supply chain has multiple periods and multiple members. Another possible extension of this study is to investigate the asymmetric information of the supplier's quantity cost quantity and the retailer's demand disruption.
